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Background
The conventional geothermal power plants use the brines directly (single flash power 
plants, dual flash power plants, dry steam power plants) or indirectly (closed loop binary 
plants). In both types of installations, the production and the reinjection of the fluids are 
carried out.
The reinjection procedure has multiple goals: to reinject in the underground the fluids 
that have physicochemical properties not suitable to the terrestrial ecosystems; to avoid 
the depletion of the geothermal reservoir gathering in the underground the produced 
brine; to re-establishing the underground pressure; to offset surface subsidence caused 
by the pressure decline due to the production.
Reinjection has long been employed in the geothermal fields utilized for power pro-
duction in the Philippines, mainly because of environmental reasons, but it has also 
been adopted to improve reservoir performance (Stefánsson 1997). The reinjection of 
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steam condensate at The Geysers in California substitutes the recharge to some degree 
and hence improves the performance of the Geysers reservoir (Goyal and Conant 2010). 
In the Larderello field, the reinjection operations have been started in 1974 with the 
aim of disposing of excess steam condensate. Some years later, the reinjection method 
was envisaged as a method for improving heat recovery of the reservoir rocks (Gio-
vannoni et al. 1981). According to Cappetti et al. (1995), a large part of the reinjected 
water in Larderello reservoir has been recovered as superheated steam, with a significant 
increase in steam flow-rate and reservoir pressure. The reinjection experiences in Tian-
jin since 1996 and in Beijing since 2001 show that it is significant in controlling the low-
ering of reservoir pressure, and improves the heat mining of the geothermal field (Liu 
et al. 2006).
Reinjection operations entail high economic costs since they require the drilling and 
maintenance of additional wells, the treatment and the pumping of the fluids. Reinjec-
tion entails also some risks: the injected cold water could interfere with the hot waters 
of the production level often because of “short-circuiting” along direct flow-paths such 
as open fractures (Axelsson 2012), the geothermal fluids could pollute the groundwater, 
the corrosion and scaling in surface pipelines and in the reinjection wells, the seismicity 
phenomena.
The cooling of production brines is a possibility when the production wells and the 
reinjection ones are close. An example is decreasing of geothermal fluid temperature in 
the PN26 well in Palinpinon field, Philippines (Malate and O’Sullivan 1991).
The scaling and corrosion phenomena are frequent both in reinjection wells and in 
production ones. These phenomena are related to the chemical composition of the brine, 
the pH value, the pressure and temperature changes and the over-saturation of some dis-
solved minerals. Corrosion and scaling can cause the damages to pipes, the reduction 
of casings diameters and so an efficiency decrease of the geothermal well. Maintenance 
operations and additional costs will be necessary. Itoi et  al. (1987) have observed the 
complete obstruction of the wells in the Otake field (Japan) due to silica scales.
According to Diaz (2015), there is a direct correlation between reinjection and micro-
earthquakes in some geothermal fields especially in vapour-dominated systems and 
high-enthalpy dominated systems. Micro-earthquakes have been observed in the reser-
voirs of Darajat (Pramono and Colombo 2005), Larderello (Bolognesi 2011), The Geysers 
(Altmann et al. 2013), Krafla (Evans et al. 2012), Hellisheidi (Gunnarsson 2011), Yanaizu-
Nishiyama (Asanuma et al. 2014), Los Azufres (Noé et al. 2013), Los Humeros (Urban 
and Lermo 2013), Rotokawa (Sherburn et  al. 2013), Nga Awa Purua (Sherburn et  al. 
2013), Salton Sea (Brodsky and Lajoie 2013) and Puna (Kenedi et al. 2010).
Flóvenz et  al. (2015) reported that data from fluid injection sites in Iceland shows 
clearly that induced seismicity is much more common than earlier thought. In 8 of the 
11 exploitation sites, seismicity related to reinjection has occurred. The magnitude of the 
earthquakes are normally lower than 2.0. But in the Hellisheiði field have been registered 
some earthquakes of magnitude up to 3.9 of ML (Gunnarsson et al. 2015).
It has been reported that the seismic activity has possibly increased the porosity in the 
reservoir Darajat (Pramono and Colombo 2005), enhanced the permeability in the res-
ervoir of Larderello (Bolognesi 2011), and induced stress changes in rock in Los Azufres 
field (Noé et al. 2013).
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The risk of groundwater pollution and of induced earthquakes has a strong impact on 
the population living in the cities close to the geothermal plants. It is important to find 
solutions to avoid these risks, which could induce a low social acceptance of new geo-
thermal projects.
An alternative is the extraction of the heat without geothermal fluids production, 
avoiding the reinjection procedures. This solution is possible with a closed loop in which 
a heat carrier fluid circulates and extracts the heat from the surrounding rock (Fig. 1). 
The device is a deep borehole heat exchanger, the wellbore heat exchanger (WBHX) 
according to the acronym of Nalla et al. (2005), who has developed a numerical model to 
evaluate the application of the WBHX in an existing geothermal well.
Some researchers have studied the operative parameters that influence the feasibility 
and efficiency of the power plants based on WBHX. Among them are the geothermal 
gradient, the bottomhole temperature, the depth of the well, the properties and the flow 
rate of the selected working fluid, the thermal insulation between the two pipes that 
compose the heat exchanger (Kujawa et al. 2006; Davis and Michaelides 2009; Bu et al. 
2012; Cheng et al. 2013, 2014).
Several studies have proposed the use of the borehole exchangers to convert the aban-
doned oil wells into geothermal ones (Kujawa et al. 2006; Zhang et al. 2008; Wang et al. 
2009; Davis and Michaelides 2009; Bu et al. 2012; Cheng et al. 2013; Templeton et al. 2014; 
Cheng et al. 2014). Considering the drilling costs almost 25 % of the total costs of the power 
plant (Hance 2005), and the high costs of closure of the oil fields, the use of the WBHX 
could be an economic advantage both for oil companies and for geothermal companies.
The main weakness of the deep borehole heat exchanger is a low efficiency in heat 
recovery compared to a conventional geothermal technology. This is due to the lower 
Fig. 1 WBHX: cross section and schematic
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mass flow rate and to the indirect exchange of heat, which causes a lower wellhead tem-
perature. However, the use of a WBHX could be a solution to extract heat from uncon-
ventional geothermal systems, such as magmatic or hypersaline reservoirs, where there 
are fluids with particular physical and chemical characteristics. The production of such 
fluids involve significant technical problems and high economic costs that can make 
non-profitable investment. The WBHX could be also an alternative to hydrofracking 
methods to exploit the hot dry rock reservoirs.
In a previous study (Alimonti and Soldo 2016) has been proposed the application of 
the WBHX in an oil field. The selected case study is the Villafortuna Trecate field, a large 
hydrocarbon field still active but strongly depleted. The reservoir is a medium enthalpy 
geothermal resource (the bottomhole temperature is 160–170 °C) located between 5800 
and 6100 m depth.
The feasibility of the WBHX has been studied using a numerical model. The target was 
the optimization of the WBHX to maximize the extracted heat. Two different heat car-
rier fluids were tested: diathermic oil and water, this latter has shown better heat transfer 
properties. Furthermore, the work by Melinder (2007) has shown that the values of ther-
mal conductivity and volumetric heat capacity of the water are higher than for the flu-
ids generally used as secondary working fluids. The internal diameters of the pipes were 
modified until a configuration that ensures greater efficiency is found in the extraction 
of heat for the specific case study. The results of the study highlight also the importance 
to consider the change in fluid properties inside the WBHX. To evaluate the conversion 
capacity of the ORC plant a thermodynamic model has been built, which allow testing 
different working fluids. The R-C318 has been selected as the best working fluid consid-
ering the thermal efficiency.
In the proposed solution, a binary cycle plant with two stage of heat exchange converts 
the thermal power into electricity, as an alternative of a direct binary power plant (Davis 
and Michaelides 2009; Bu et al. 2012; Cheng et al. 2013).
Starting from the results of the previous work another system to convert the thermal 
energy into electrical one has been studied: the Stirling motor. The goal is to compare 
the conversion capacity of the ORC plant with that of the Stirling motor.
Methods
Heat transfer model
The heat transfer phenomena between the hot rock and the water circulating in a deep 
borehole heat exchanger takes place by conduction and convection. In a previous study 
(Alimonti and Soldo 2016) the model was developed using an analytical solution of the 
Fourier equation and it was implemented in a C computation code.
In the following paragraphs, the equations of the model are reported.
Rock temperature
Using a ground surface temperature To of 25 °C, the rock temperature at the depth z has 
been evaluated using the following relation:
where GT is the geothermal gradient of the site.
(1)Tw(z) = To + GT · z
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Heat transfer in the downward pipe
In the model, the heat transfer from the rock is due mainly to the conduction; no con-
vection takes place. Then the heat moves still by conduction from the reservoir to the 
external casing of the WBHX, which is separated from the rock wall by a layer of cement. 
The convection takes place in the heat transfer between the casing and the water in the 
borehole heat exchanger.
The heat acquired by the water in the downward pipe is directly proportional to the 
length of the pipe (Δz), the external radius of the borehole (rw), the total heat exchange 
coefficient (kt), the difference between the rock temperature at depth z (Tw) the tempera-
ture of the fluid in the outer pipe (Tf,down). The thermal power can be calculated with the 
following relation:
The total heat transfer coefficient is the reciprocal of the total thermal resistance, 
which can be expressed as:
The three terms in Eq.  (3) are the thermal resistance due to the convection into the 
annular space of the WBHX (Ra), the thermal resistance due to the conduction through 
the casings (Rc); the thermal resistance due to the conduction in the rock (Rs).
To evaluate the conductive thermal resistance in the rock the thermal conductivity of 
the rock λs, the thermal diffusivity of the rock as, the external radius of the well rw, and 
the elapsed time since the start t′ must be known:
This equation arises from the analytical solution of heat transfer equation given in 
Carslaw and Jaeger (1959). The term 2
√
ast ′ represents the travelling distance of the 
temperature front. At distance >2
√
ast ′ in the rock the temperature is undisturbed and 
equal to Tw.
The conductive thermal resistance of the rock (Fig. 2) increases very rapidly in the first 
year of operation. After the second year of work, Rs is 1.1 m2K/W and increases up to 
1.2 m2K/W after 10 years. This behavior is due to the exponential growth of the inter-
ested volume of rock by the heat transfer.
To evaluate the thermal resistance Ra the radius of the external casing rc and the con-
vective heat transfer coefficient h must be known:
The convective heat transfer coefficient is calculated using the definition of the Nusselt 
number and a form of Dittus-Boelter equation, having assumed turbulent flow inside 

















2 · rc · h
(6)h = 0.023 · f · Re
0.8 · Pr0.4
2 · rc
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The pipes are steel, which has a high thermal conductivity, so in the model the thermal 
resistance of the casings has been neglected compared to the rock resistance.
The effect of the cementing ring was studied by evaluating the mutual thermal resist-
ance (to heat conduction) of the concrete and of the rock. The results show that, despite 
the thermal conductivity of the concrete being less than that of the rock, given the small 
thickness of the grouting layer with respect to the extension of the rock, the presence of 
cement is negligible. The heat resistance of the cement is 0.0233 W/m2K instead for the 
rock is equal to 0.11 W/m2K. Therefore, the diameters of the casing and of the well are 
assumed to be similar.
The total heat exchange coefficient can be determined as:
Heat transfer in the upward pipe
The heated water enters in the internal pipe and flows upward exchanging the heat with 
the wall of the composite pipe.
The thermal power is proportional to the radius of the inner tube (ri), the overall heat 
transfer coefficient (ko), the temperature of the water in the inner pipe (Tf,up), the tem-
perature of the fluid (Tf,down) in the outer pipe, the length of the pipe (Δz):
Using the theory of the heat exchange in the multi-layer cylindrical wall, the total heat 
exchange coefficient ko can be calculated with the relation:
The first element in Eq. (9) is due to the convective heat transfer to the outer wall: ri is 




































Fig. 2 The conductive thermal resistance versus time
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of convective heat transfer to the outer wall. The second term of Eq. (9) is related to the 
conductive heat transfer through the composite pipe: λj rj are the thermal conductivity 
and the radius of the material (air and steel). The third element of Eq. (9) is due to the 
convection to the inner wall.
The thermo‑siphon effect
The WBHX has been optimized to produce the maximum thermal power using the 
minimum electrical energy to pump the fluid in the downward pipe. This condition is 
achieved through the spontaneous circulation due to the thermo-siphon effect: when 
the fluid is heated, it goes back on top naturally through the inner tube. The pressure 
enhancement is due to the variation of the density that is lesser in the downward pipe 
than in the upward pipe.
The following relations have been used to evaluate the pressure losses:
where ΔPf are the friction losses, f is the friction factor calculated with the explicit cor-
relation of Churchill (1977), Δz and D are respectively the length and the diameter of the 
pipe, ρ and v are, respectively the density and the velocity of the fluid.
Considering that the pipes are very large in length, the hypothesis of none local pres-
sure losses has been used.
Energy conversion systems
Two different systems have been selected to convert the thermal power into electrical 
one: an organic Rankine cycle power plant and a Stirling motor.
ORC plant model
Figure 3 shows the schematic of the ORC plant. The black lines indicate the pattern of 
the water, the green lines indicate the pattern of the working fluid of the ORC plant.
The hot water exiting from the deep borehole, flows through an heat exchanger and 
transfers the heat to the ORC’s working fluid. Then the water passes in the preheater and 
it is re-injected into the well by means of the pump P.
The ORC’s working fluid is heated up to the boiling point in the preheater PH and then 
it attains the condition of saturated vapor in the evaporator E. The saturated vapor is 
sent to the turbine T where the expansion takes place: the thermal energy is converted 
in kinetic and then in electrical in the generator G. Exiting from the turbine the working 
fluid is condensed (C) and then it is pumped (CP) to the preheater.
Figure 4 shows the thermodynamic cycle of the ORC plant.
Knowing the mass flow rate m˙b and the outlet (Ta) and inlet (Tc) temperature of the 
WBHX, the mass flow rate of the working fluid m˙wf can be calculated using the following 
equation:
(10)�P = ρg�z −�Pf downward
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where h1 is the enthalpy at the outlet of the evaporator, h4 is the enthalpy at the inlet of 
the preheater.
Indicating with h2 the enthalpy at the inlet of the condenser C, the electrical power 
available to the turbine T can been evaluated using the following equation:
The WBHX model explained in the previous paragraph evaluates the temperature of 




(14)W˙t = m˙wf(h1 − h2)
Fig. 3 Schematic of the organic ranking cycle power plant
Fig. 4 Pressure-enthalpy diagram for a binary plant
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The inlet temperature of water in the WBHX the exit temperature Tc of the heat carrier 
fluid from the heat exchanger is fixed at 40 °C. The mass flow rate of the working fluid in 
the ORC plant is calculated according the temperature profile in the WBHX and fixing 
pinch point temperature around 5 °C (Fig. 5).
The ratio of the net electrical power produced from the cycle W˙net and the heat trans-
fer rate in the heat exchanger unit Qht has been used to evaluate the thermal efficiency:
Stirling motor model
According to Kolin et al. (2000) when compared to the classic Clausius–Rankine cycle, 
mostly used in the present geothermal plants, Stirling cycle offers many theoretical and 
practical advantages. From thermodynamic point of view, Stirling cycle is equivalent to 
the optimal Carnot cycle, having the highest possible efficiency. The thermodynamic 
Stirling motor model follows the indications of Lloyd (2009).
In Fig. 6 the pressure–volume diagram for the Stirling cycle is shown. The real cycle 
has a lower efficiency compared to the ideal cycle. The assumptions of an ideal Stirling 
cycle are the use of a perfect gas as a working fluid, absence of flow resistance, perfect 
regeneration, no conduction heat losses, isothermal expansion and compression, non-
sinusoidal piston motion, absence of mechanical friction, dead space assumed to be zero.
The amount of the net work per cycle can be evaluated as the sum of the work done 





= 1− (h2 − h3)
(h1 − h4)





Fig. 5 Temperature-heat transfer diagram for preheater (PH) and evaporator (E)
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where n is the mole number of gas, Rgas is the universal gas constant, equal to 8.314472 J/
kg mol, Th is the hot source temperature, Tc is the cold sink temperature, Vmax is the 
maximum volume, Vmin is the minimum volume.
Because in the ideal cycle the losses are absent, the produced work is equal at the sup-
plied heat. Substituting inside Eq. (17) the value of the net work and of the supplied heat, 
the efficiency of the ideal Stirling cycle can be calculated as:
The ideal power is the product between the net work per cycle and the number of 
revolutions per minute:
The reduction in power compared to the ideal cycle with no dead space can be evalu-
ated with the empirical formula of the Schmidt factor:
where the dead space ratio δ is the ratio between the total dead space volume Vd and the 
total volume of the gas swept by the displacer Vsw:




(18)EP = rpm ·Wnet




(21)EPreal = EP · Fs
Fig. 6 Pressure–volume diagram for a Stirling cycle (continuous line ideal; broken line real)
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Results
The Villafortuna–Trecate case study was implemented following the configuration of the 
WBHX reported in Fig. 7.
In Table 1 are reported the sizing of the tubes and the final casing size (Alimonti and 
Soldo 2016). The annular space between the two pipes is filled by air and it has a thick-
ness of 32.5 mm. The heat transfer fluid is the water.
The reference stratigraphy is formed by 1–1.5 km of sand and shales and by 4.5–5 km 
of marls and limestones. Thus, the properties of rocks have been assumed to be uniform 
and corresponding to limestones prevailing (λ 2.5 W/m K, ρs 2600 kg/m3 and cp 800 J/
kg K).
Evaluation of the thermal power
The heat transfer model has been implemented in a C computation code. Using the sim-
ulator has been studied the heat transfer in the WBHX in time: the changing of the well-
head temperature of the water, the thermal power and the required pumping power.
The wellhead temperature versus the flow rate is reported in Fig.  8. The most of 
reduction of the wellhead temperature occurs in the first 6 months. This phenomenon 
occurs because the extraction of the heat from a pure conductive system causes a pro-
gressive enlargement of the influence area of the well. The result is the reduction of the 
Fig. 7 Configuration of proposed WBHX for the specific case study
Table 1 WBHX tube sizing
Internal diameter (mm) External diameter (mm)
Di 3½ in. 77.9 88.9
Do 5½ in. 121.4 139.7
Dc casing 7 in. 150.4 177.8
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bottomhole temperature of the water due to the drop of the temperature at the WBHX 
wall. After 6 months, the system tends to a steady state condition. At the flow rate of 
8 m3/h the wellhead temperature has a maximum around 120 °C, and the temperature 
decrease is less than 10 °C after 10 years.
Having fixed the exit temperature T0 from the ORC power plant or the Stirling motor 
the thermal power TP has been evaluated using the following relations:
cp is the specific heat of water, equal to 4186 J/kg K, ρ is the water density (kg/m3), q 
is the water flow rate (m3/s), T is the wellhead temperature of the fluid, To is the outlet 
temperature from the ORC, equal to 40 °C.
The thermal power values are reported in Fig. 9. The decrease of the wellhead temper-
ature in the first 6 months is responsible of the reduction of the extracted thermal power. 
After 6 months, the thermal power extracted reaches a maximum value between 1.5 and 
2 MW, depending on the operation time.
The optimization of the WBHX has been carried out with the selection of the 20 m3/h 
value as the working flow rate. Despite the greater values of the wellhead temperature 
are obtained for the flow rate of 6 and 8 m3/h, the thermal power tends to grow with 
the flow rate. For a flow rate of 8 m3/h the thermal power is between 650 and 870 kW, 
depending on the time. For a flow rate of 20 m3/h the thermal power is between 1.2 and 
2.25 MW. Furthermore, if the flow rate exceeds the value of 20 m3/h it is necessary to 
spend energy to circulate the water inside the WBHX (Fig. 10).
In Fig. 11 have been reported the results for a flow rate equal to 20 m3/h in the case 
of continuous power generation up to 10  years from the startup. The decrease of the 
thermal power between 1 and 10 years is 6.13 %, instead the decrease of the bottomhole 
temperature is 6.45 %. So the results after 1 year from the startup have been considered 
as the most representative ones of the operational condition of the WBHX.
(22)TP = cp · ρ · q · (T − T0)
Fig. 8 Wellhead temperature versus flow rate
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Energy conversion performance: comparison between the two systems
Having completed the analysis of the WBHX performance, the range of the circula-
tion flow rate and of the exit temperature are known. Summarizing, the thermal power 
extracted with the WBHX, after 1  year from the start of the plant, is greater than 
1.3 MW. The WBHX set of design parameters are 20 m3/h for the flow rate, outlet tem-
perature 100.38 °C and the inlet temperature is 40 °C.
Fig. 9 Thermal power versus flow rate
Fig. 10 Pumping power versus flow rate
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The selection of the working fluid of the ORC power plant has been made following 
the indication from Chen et al. (2010). The R-C318 has been selected as working fluid 
considering the thermal efficiency and the PH/E ratio (Alimonti and Soldo 2016).
In the evaluation of the performance of the Stirling motor, the working fluid is the air. 
The maximum volume of the gas is 150 l and a minimum one is 50 l.
In Table  2 the results for the two energy conversion systems are reported. The effi-
ciency of the Stirling motor exceeds 25 % the efficiency of the ORC power plant.
On the field of Villafortuna Trecate about 50 wells have been drilled. Only eight are in 
production. Therefore, in the evaluation of the potential size of the Villafortuna Trecate 
field it was decided to assume 8 wells available as worst case and 40 wells as best one 
(Table 3).
Conclusions
A deep borehole heat exchanger, a closed loop in which a heat carrier fluid circulates 
and extracts the heat from the surrounding rock without geothermal fluids production, 
could be an interesting alternative to the conventional doublet systems. The main weak-
ness of the WBHX is the low efficiency in heat recovery respect to the conventional 
extraction systems. However, the use of a WBHX could be a solution to extract heat 
Fig. 11 Power reduction and bottomhole temperature of WBHX versus time (20 m3/h)
Table 2 Energy conversion performance
Thermal power (kW) Net electrical power (kW) Thermal efficiency (%)
ORC power plant 1355 121 9.49
Stirling motor 1355 152 11.9
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from unconventional geothermal systems, whose brines have particular physical and 
chemical characteristics.
In a previous study (Alimonti and Soldo 2016) has been proposed the application of 
the WBHX in an oil field: Villafortuna Trecate field, a medium enthalpy geothermal 
resource. The target was the use of a numerical model to study the feasibility of the 
WBHX and to optimize the system.
The goal of the present paper is the analysis of the power production of the WBHX 
in time and the comparison between two different conversion systems of the thermal 
energy into electrical one: the ORC plant and the Stirling motor.
All the calculations have been done considering different times after the startup of the 
plant. The simulation results show a substantial decrease of the wellhead temperature 
in the first 6  months. This phenomenon is due to the progressive enlargement of the 
influence area of the well and to the drop of the temperature at the WBHX wall. After 
6 months, the system tends to an almost steady state condition.
The optimum condition is obtained for a flow rate of 20 m3/h and the produced ther-
mal power is 1.3 MW for single well.
The net electrical power is 121 kW with an ORC power plant and 152 kW with a Stir-




A: cross-section (m2); cp: specific heat capacity (J/kg K); D: diameter (m); h: convective 
heat transfer coefficient (W/m2 K); kt: total heat transfer coefficient (W/m2 K); ko: over-
all heat transfer coefficient (W/m2 K); R: linear thermal resistance coefficient (K m/W); 
H: heat flux (W); L: length (m); Nu: Nusselt number; Pr: Prandtl number; Q: flow rate 
(m3/s); r: radius (m); Re: Reynolds number; t′: time (s); T: temperature (C); V: volume 
(m3); v: flow velocity of the fluid (m/s); t: thickness of composite pipe; as: thermal dif-
fusivity (m2/s); λ: thermal conductivity (W/m K); λt: thermal conductivity of the material 
of the pipe (W/m K); μ: dynamic viscosity (Pa s); ν: kinematic viscosity (m2/s); ρ: density 
(kg/m3); ηx: efficiency of the ORC power plant
Index
f: fluid property; a: annular space property; s: rock property; w: wellbore radius; c: casing 
radius; o: outer radius (of pipe); i: inner radius (of pipe); r: radial component (in pipe); t: 
total; up: upward; down: downward
Acronyms
WBHX: wellbore heat exchanger; ORC: organic ranking cycle
Table 3 Potential size of the plant
Worst case Best case
ORC power plant 968 kW 4.84 MW
Stirling motor (MW) 1.21 6.08
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